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Abstract
Xenon has recently been the medium of choice in several large scale detectors searching for WIMP dark matter and
neutrinoless double beta decay. Though present-day large scale experiments use liquid xenon, the gas phase oﬀers
advantages favorable to both types of searches such as improved intrinsic energy resolution and fewer ﬂuctuations
in the partition of deposited energy between scintillation and ionization channels. We recently constructed a high
pressure xenon gas TPC as a prototype for the NEXT (Neutrino Experiment with a Xenon TPC) neutrinoless double
beta decay experiment and have demonstrated the feasibility of 0.5% FWHM energy resolution at the 136Xe double beta
Q-value with 3-D tracking capabilities. We now present results from this prototype on the simultaneous observation of
scintillation and ionization produced by nuclear recoils at approximately 14 bar pressure. The recoils were produced by
neutrons of approximately 2-6 MeV emitted from a radioisotope plutonium-beryllium source, and primary scintillation
(S1) and electroluminescent photons produced by ionization (S2) were observed. We discuss the potential of gaseous
xenon to distinguish between electron and nuclear recoils through the ratio of these two signals S2/S1. From these
results combined with the possibility of using columnar recombination to sense nuclear recoil directionality at high
pressures we envision a dual-purpose, ton-scale gaseous xenon detector capable of a combined search for WIMP dark
matter and neutrinoless double beta decay. This work has been performed within the context of the NEXT collaboration.
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1. Introduction
Xenon has been widely used in experiments searching for WIMP dark matter due to its high mass and
favorable properties as a detector medium. Theoretically, a WIMP could scatter oﬀ of one of the many nuclei
in a large volume of xenon, causing it to recoil and deposit its energy in the surrounding xenon medium.
Experiments such as LUX [1], XENON100 [2], and ZEPLINIII [3] have produced some of the best limits
on the spin-independent cross sections of WIMPs using xenon targets. In all of these experiments so far, the
active target region has been composed of xenon in the liquid phase, and a signiﬁcant amount of research
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and development has been conducted to understand the signals produced by nuclear recoils in the liquid
phase (see [4]).
The physics of nuclear recoils in the gas phase may lead to several advantages over the liquid phase.
The gas phase is already known to yield better intrinsic energy resolution [5] in the detection of energetic
electrons, or electronic recoils. If the same holds for nuclear recoils, this may aid particularly in the ability
to discriminate nuclear recoils from the energy depositions of electronic recoils, which result from the inter-
actions of gamma rays and compose much of the background in a xenon-based WIMP search. In addition,
the gas phase allows for the addition of molecular additives such as trimethylamine which could provide
further advantages in electronic/nuclear recoil discrimination power and possibly the ability to determine
the directionality of nuclear recoils (see [6]).
Signals produced when nuclear recoils deposit their energy in a xenon medium consist of primary scin-
tillation and ionization. Nuclear recoils were observed in gaseous xenon in [7] and were shown, as in the
liquid phase, to exhibit a lower ratio of ionization to primary scintillation relative to electronic recoils. Here
we present additional studies of xenon nuclear recoils in the gas phase, using energetic neutrons from a
238Pu/Be radioisotope neutron source to induce nuclear recoils in the xenon medium.
2. Experimental Setup
The experiment was conducted using a time projection chamber (TPC) originally designed to study the
energy resolution achievable in the detection of high-energy gamma rays in high pressure xenon gas. The
detector was constructed as a prototype for the NEXT (Neutrino Experiment with a Xenon TPC) experiment
[8] which aims to search for neutrinoless double-beta decay with similar technology in a larger-scale radiop-
ure TPC. The original hardware conﬁguration is described in [9], and several modiﬁcations were made for
the purposes of targeting nuclear recoils. Here we describe the modiﬁed conﬁguration and the radioactive
source used in this study.
2.1. Detector
The TPC (see ﬁgure 1) is housed in a stainless steel pressure vessel with a volume of about 10 L.
The detector itself consists of a ﬁeld cage, an ampliﬁcation region, and an array of 19 Hamamatsu (1 in.
diameter) photomultiplier tubes (PMTs) arranged in a hexagonal pattern. The ﬁeld cage consists of teﬂon
panels supported by plastic (PEEK) rods and encloses a sensitive region of 8 cm in length. The outward-
facing surfaces of these panels are lined with copper strips connected by resistors to grade the electric ﬁeld
established in the sensitive region, while the inward-facing teﬂon surfaces are coated with the wavelength
shifter tetraphenyl butadiene (TPB) which was dissolved in toluene and sprayed directly onto the teﬂon
surfaces with an airbrush. A cross section of the sensitive region takes the form of a regular hexagon of side
length approximately 7 cm. The PMTs lie at one end of the sensitive region, and an ampliﬁcation region 5
mm in length at the other. High voltages are applied, via conﬂat high voltage feedthroughs attached to the
lid of the TPC, to crossed wire meshes ﬁxed to metal frames to establish the ﬁelds in the diﬀerent regions.
The meshes have a transparency of approximately 88%, and so the PMTs are able to observe scintillation
produced in both the drift and ampliﬁcation regions. Xenon gas is recirculated at high pressure through a
hot getter to remove impurities, and electron attachment lifetimes on the order of 30 milliseconds have been
realized at approximately 14 bar pressure. The PMT high voltage input and signal outputs are sent through
feedthroughs on a stainless steel octagon attached to the lid of the TPC via a long stainless steel tube.
A typical event in the detector proceeds as follows. An energetic particle interacts in the xenon medium
and deposits its energy in the form of ionization and scintillation. The scintillation is detected immediately
by the PMTs and constitutes the “S1” signal. The ionization is then drifted towards the 5 mm ampliﬁcation
gap where, upon arrival, each electron drifts across the gap under a high electric ﬁeld. The ﬁeld is suﬃcient
to accelerate the electrons to energies at which they can excite but not ionize the neutral xenon atoms, and
the excited atoms combine with a partner neutral atom to form an excited dimer which then decays, emitting
a ∼ 170 nm photon. This phenomenon, called electroluminescence, produces a number of photons η for a
single electron drifting across a gap of width Δx according to [10, 11]
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Fig. 1. Photograph and schematic of the TPC used in this study.
η = 140(E/p − 0.83)pΔx, (1)
where p is the gas pressure in bar and E is the electric ﬁeld in the gap in kV/cm. The relatively larger
number of photons produced in the ampliﬁcation of the ionization electrons in an event constitutes the “S2”
signal and typically lasts on the order of several microseconds. The time between the arrival of S1 and the
arrival of S2 corresponds to the amount of time for which the ionization electrons were drifted in the gas,
and therefore to the position of the event along the z-axis of the TPC. We note that much of the S1 and
S2 light is wavelength shifted by TPB from ∼ 170 nm to the visible ∼ 430 nm range where the quantum
eﬃciency of the PMTs is higher [12]. This produced an increase in overall light collection eﬃciency of a
factor of about 2 relative to that of the original conﬁguration of the TPC in which no TPB was present and
was therefore essential in observing the low S1 signals produced by nuclear recoils.
2.2. Source
Neutrons used in this study were generated via the reaction 9Be(α, n)12C in a 238Pu/Be radioisotope neu-
tron source. The source itself was enclosed in a small steel cylindrical capsule of length 3 cm and diameter
1.5 cm. The spectrum of neutron energies emitted by the source was calculated (see ﬁgure 2) assuming that
its active region consisted of beryllium with a relatively small amount of the α-emitter 238Pu mixed uni-
formly throughout. The spectrum of nuclear recoil energies produced by neutrons with energies distributed
according to the calculated source spectrum was also calculated assuming the neutrons were incident on
a uniform volume of natural xenon. The calculation was performed using (α, n) cross sections from the
Japanese Evaluated Nuclear Data Library (JENDL) [13] and (n, n) cross sections from the Evaluated Nu-
clear Data File (ENDF) [14]. The calculation made use of the tools [15] and followed references [16] and
[17, 18].
The reaction 9Be(α, n)12C can leave the resulting 12C nucleus in the ground state or in one of several
excited states. For each ﬁnal 12C state, the reaction has a diﬀerent Q-value, and the greater the amount of
energy left with the 12C nucleus, the lower the Q-value. We will be concerned only with the ground state
and ﬁrst two excited states, and therefore we calculate three components to the source spectrum. Note that
if energy is left in the form of 12C excitation, less energy is available as neutron kinetic energy, and the
excited nucleus de-excites almost immediately by emitting a gamma ray. This gamma ray can be used to
tag neutron emissions, and requiring the capture of this gamma ray by a NaI scintillator greatly reduces the
number of background events acquired. If the nucleus is left in the ﬁrst excited state, a gamma of energy
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Fig. 2. Calculated neutron emission spectrum of a 238Pu/Be radioisotope neutron source. The neutrons of interest to this study are
those that are emitted from the source and accompanied by a 4.4 MeV gamma ray (the carbon nucleus was left in the ﬁrst excited state
12C∗). Such neutrons were calculated to constitute 65% of the total number of neutrons emitted.
4.4 MeV is emitted and if left in the second excited state, a 7.7 MeV gamma is emitted1 [19]. In this study,
we attempt to tag 4.4 MeV gamma rays emitted from the source and therefore acquire mostly neutrons with
energies between 2-6 MeV.
2.3. Data Acquisition
The output signals were digitized using a Struck SIS3302 digitizer at a sampling rate of 100 MHz.
Digitized waveforms of length 16384 samples were read out, for each of the PMTs active2 in the TPC and
for a PMT coupled to a NaI scintillator, on the arrival of a trigger constructed from various NIM modules.
The trigger consisted of a coincidence between an S1 signal in the TPC and a pulse in the NaI scintillator
within an energy range determined to encompass a large fraction of the spectrum produced by the 4.4 MeV
gamma rays emitted in coincidence with about 65% of the neutrons from the source (see ﬁgure 2). The
trigger also required the arrival of an S2 pulse with a width between 1-12 microseconds. An automated data
processing and analysis system extracted physically relevant quantities from the digitized waveforms and
stored them on an event-by-event basis using ROOT [20] and FMWK [21].
A description of the setup is shown in ﬁgure 3. For the data presented in this study, the 238Pu/Be neutron
source was placed between a 2 in. thick lead block (6.75 in. width by 4 in. height) and a NaI scintillator.
The NaI component of the trigger observed a rate of approximately 1 kHz consisting of energy depositions
due to 4.4 MeV gammas and likely also due to neutrons themselves and partial energy depositions of 7.7
MeV gammas. The rate of the full trigger was several Hz.
3. Analysis
The PMT waveforms acquired were summed into a single waveform and individual pulses were found
and identiﬁed as S1 and S2 depending on their widths and location within the waveform. S1 identiﬁcation
1These gammas are emitted immediately for the purposes of neutron tagging. The lifetime of the state emitting the 4.4 MeV gamma
is 61 fs, and the lifetime of the state emitting the 7.7 MeV gamma is 0.077 fs [19].
2Note that for the data presented here one of the 19 PMTs was turned oﬀ.
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Fig. 3. Neutron source conﬁguration for the data presented in this study.
was facilitated by the tagging process as their approximate arrival times in the waveform were known in
advance. Individual pulses were also found in the waveforms read out from the PMT coupled to the NaI
scintillator, and events were selected for which the NaI pulse arrived in coincidence with the identiﬁed S1
pulse. In addition, the S2 signal was required to arrive in the form of a single pulse (tracks from energetic
gammas which we aim to reject may produce complex S2 topologies with potentially multiple S2 pulses).
Figure 4 shows a candidate nuclear recoil event.
Fig. 4. A candidate nuclear recoil event; a single gaussian-like S2 arriving with corresponding S1 in coincidence with a NaI pulse.
To be more certain that the S1 identiﬁed for a given event is the correct one for its corresponding S2,
one can ﬁt a gaussian to the S2 pulse and examine its width and drift time. A clear relationship should exist
between drift time determined by the arrival of the chosen S1 and the width of the S2 pulse, as diﬀusion
increases the width of the drifting cloud of ionization. Therefore we remove events that do not fall in the
band of squared width σ2 vs. drift time shown in ﬁgure 5. We can also calculate an approximate average
x-y position of an event by weighting the location of each PMT by the amount of light measured in the S2
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signal. This information can then be used to make a ﬁducial cut, thus rejecting background events consisting
of energy deposited near the walls of the TPC. This cut is also summarized in ﬁgure 5.
Reconstructed x (arbitrary units)






















Fig. 5. Diﬀusion (left) and radial (right) cuts applied to reduce event misidentiﬁcation and background. The width of the S2 pulses
in valid nuclear recoil events should be strongly correlated with the drift time. The centroid of this diﬀusion band is shown as a solid
red line, and the dotted lines enclose the ±2σ region within which valid events are selected. A central ﬁducial cut is also made using
average position information determined by the S2 light collection pattern on the PMTs. The positions were scaled such that the
dimensions of the hexagonal pattern matched those of a Monte Carlo of the detector setup to correct for variations in PMT gain and
quantum eﬃciencies, and the center of the hexagon was set to (0, 0).
Figure 6 shows the logarithm of the S2/S1 ratio and the S2 signals plotted against the S1 signals for
candidate neutron-induced events after selection of single-S2, tagged events meeting the diﬀusion and ra-
dial cuts shown in ﬁgure 5. As shown to be the case in liquid xenon (see for example [22]), the ratio of the
observed S2 signal to S1 signal in nuclear recoil events is on average lower than that observed in electronic
recoil events. This discrimination capability is important for rejecting electronic recoil background in dark
matter experiments.
Fig. 6. The logarithm of the ratio S2/S1 vs. S1 (left) in which two bands are present. The upper band contains x-rays (∼ 30 keV)
produced when inner-shell electrons are ejected from xenon atoms during the energy deposition process and gamma rays (∼ 40 keV)
emitted by 129Xe nuclei after excitation by inelastic scattering of neutrons. The lower band contains nuclear recoil events produced by
elastic scattering of neutrons on xenon nuclei. Examining S2 vs. S1 (right), several densely populated areas are apparent at diﬀerent
S2 values, including the nuclear recoils at low S2 < 18000, xenon x-rays at 18000 < S2 < 30000, and gamma rays produced due to
inelastic scatters at 30000 < S2 < 40000. S1 signals produced further from the PMT plane are detected with a lower eﬃciency, and a
linear correction has been applied to the values shown to account for this. The shading in each plot represents the density of events and
is applied on a logarithmic scale.
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To verify that the presence of the low-energy band in S2 is unique to a source emitting neutrons, a similar
experiment was conducted using a 22Na source. Electron-positron annihilation radiation emitted from the
source consists of two collinear 511 keV gamma rays emitted in opposite directions. A nearly identical
trigger and analysis was used, in which the tagged gamma ray was one of the two 511 keV gammas, to
identify low-energy gamma interactions. The plots of S2 vs. S1 for operation with both the 239Pu/Be and
gamma ray sources are shown in ﬁgure 7. The low-energy nuclear recoil band is clearly present only during
operation with the neutron source.
Fig. 7. S2 vs. S1 with the use of a 239Pu/Be source (left) and a 22Na source (right). Note the absence of the band of low-energy in the
case of the gamma source. The plots are shown with the same binning and similar analysis cuts. The radial cut was relaxed relative to
that used to produce the S2 vs. S1 plot shown in the right half of ﬁgure 6 due to limited statistics in the 22Na dataset.
4. Conclusions
This study is still in progress, but we have already learned several important aspects of nuclear recoil
calibration in gaseous xenon. First, it is conﬁrmed that gaseous xenon is capable of S2/S1 discrimination of
nuclear and electronic recoils as is the case in liquid xenon. A detector with better light collection eﬃciency
would be more capable of quantifying the electronic recoil rejection capability. Also in gaseous xenon, the ∼
30 keV xenon ﬂuorescent x-rays present an additional background to low-energy nuclear recoils, as they are
capable of traveling further in the gaseous medium than in the liquid phase, and a signiﬁcantly larger total
volume may therefore be required to eliminate them by a ﬁducial cut. The wavelength shifting molecule
TPB was essential in providing the increase in overall light collection eﬃciency necessary to see S1 signals
produced by the nuclear recoils. Further study on the absolute value of the yields in S1 and S2 produced by
nuclear recoils is currently being conducted.
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